Cold-adapted taxa are experiencing severe range shifts due to climate change and are expected to suffer a significant reduction of their climatically suitable habitats in the next few decades. However, it has been proposed that taxa with sufficient standing genetic and ecologic diversity will better withstand climate change. These taxa are typically more broadly distributed in geographic and ecological niche space, therefore they are likely to endure higher levels of populations loss than more restricted, less diverse taxa before the effects of those losses impact their overall diversity and resilience. Here, we explore the potential relationship between intraspecific genetic and ecological diversity and future resilience, using the cold-adapted plant Primula farinosa. We employ high-throughput sequencing to assess the genomic diversity of phylogeographic lineages in P. farinosa. Additionally, we use current climatic variables to define niche breadth and niche differentiation across lineages. Finally, we calibrate species distribution models (SDMs) and project the climatic preferences of each lineage on future climate to predict lineagespecific shifts in climatically suitable habitats. Our study predicts relative persistence of future suitable habitats for the most genetically and ecologically diverse lineages of the cold-adapted P. farinosa, but significant reduction of them for two out of its four lineages. While we do not provide specific experiments aimed at identifying the causal links between genetic diversity and resilience to climate change, our results indicate that greater genetic diversity and wider ecological breadth may buffer species responses to rapid climatic changes. This study further highlights the importance of integrating knowledge of intraspecific diversity for predicting species fate in response to climate change.
Introduction
The effects of recent and current climate change on species distributions and biodiversity have been extensively documented in recent decades (Parmesan and Yohe 2003 , Parmesan 2006 , Lenoir et al. 2008 , Chen et al. 2011 , Lenoir and Svenning 2015 . However, predicting the extent and directionality of future distributional shifts remains challenging. Multiple factors, including current genetic and ecological diversity within species, influence whether climate change will have beneficial or detrimental consequences on species ranges and persistence (Hoffmann and Sgrò 2011 , Moritz and Agudo 2013 , Urban 2015 . Moreover, spatial variation in genetic and ecological diversity differentially affects locally adapted populations within species, but such variation has been incorporated in future predictions only recently (Fitzpatrick and Keller 2015 , Gotelli and Stanton-Geddes 2015 , Moran et al. 2015 , Hällfors et al. 2016 , Ikeda et al. 2017 . Therefore, assessing the role of intraspecific biological diversity on species persistence under rapid climate change represents a central goal in biodiversity research and conservation.
Overall genetic diversity is one of the fundamental components of biodiversity and provides the raw material for species adaptation and persistence under changing environments (Lande and Shannon 1996 , Jump and Penuelas 2005 , Lavergne et al. 2010 , Ellegren and Galtier 2016 . High levels of genetic diversity have been associated with increased ability of species to colonize novel environments (Crawford and Whitney 2010) and with rapid recovery after extreme climatic events (Reusch et al. 2005) . Moreover, a positive correlation often exists between overall intraspecific genetic variation and environmental heterogeneity across the occupied habitats, indicating a link between genetic and ecological diversity (Nevo 2001 , Kassen 2002 , Hughes et al. 2008 . Consequently, genetically diverse species are likely to have wider ecological breadth, hence they should be able to cope with a broader range of future climatic conditions than less genetically diverse species (Williams et al. 2008 , Bolnick et al. 2011 . In particular, species with greater tolerance to warmer temperatures are expected to better respond to climate change, possibly even expanding their ranges, compared to species with narrower temperature tolerances (Thuiller et al. 2005 , Gottfried et al. 2012 . Despite the suggested links between genetic diversity, ecological breadth, and resilience to climate change, studies that explore these links are still scarce.
Cold-adapted plants that grow at high altitudes and latitudes are amongst the species that are experiencing the most severe range shifts due to climate warming (Gottfried et al. 2012 , Pauli et al. 2012 , Ernakovich et al. 2014 . Moreover, it is predicted that, by 2100, mountain floras will suffer a significant reduction of climatically suitable habitats and, consequently, a great loss of biological diversity (Engler et al. 2011 , Dullinger et al. 2012 . On the other hand, some previous studies have suggested that climate change may have beneficial effects on cold-adapted species by providing opportunities for expansion to newly available habitats (Crawford 2008b , Gottfried et al. 2012 , Araújo et al. 2013 . The latter prediction implies sufficient intraspecific genetic and ecological diversity (i.e. climatic niche breadth) to enable species adaptation to warmer and drier future conditions (Crawford 2008b) . Despite these two contrasting predictions on the resilience of cold-adapted plants to warming global trends, there is a lack of studies addressing this issue (Pacifici et al. 2015) , leaving a gap of knowledge that can productively be addressed by combining recently developed genomic and ecological modeling tools.
Cold-adapted species with broad but disjunct distributions usually comprise distinct intra-specific, phylogeographic lineages that likely diverged during the Last Glacial Maximum or earlier (Schönswetter et al. 2005 , Theodoridis et al. 2017a ). Most of these phylogeographic lineages differ substantially from each other both in the environmental conditions they currently experience and in their adaptive potential to changing environments (Hereford 2009) , thus predictions about their persistence that do not account for such differences may fail to identify potential risks or benefits of climate change to each lineage (Pearman et al. 2010 , Ikeda et al. 2017 . Lineage-specific climatic niche and tolerances can be taken into account by treating such lineages and the areas where they occur as distinct units and by modeling the relationships between climate and distribution independently for each unit (i.e. region-or lineage-specific approach; D 'Amen et al. 2013 , Jeffress et al. 2013 , Schwalm et al. 2016 , Ikeda et al. 2017 . However, these intraspecific differences have only rarely been considered in studies on the impact of future climate change on species persistence (Gotelli and Stanton-Geddes 2015, Moran et al. 2015) .
In the present study, we qualitatively investigate potential links between intraspecific genomic and ecological diversity and the future climatic suitability of cold-adapted plants under different climate-change models and scenarios, using Primula farinosa as study system. Primula farinosa has a wide, but disjunct distribution in Europe, typical of cold-adapted species. It grows between 400 and 2900 m a.s.l. in southern Europe (Carpathians, Alps, Iberia), while in northern Europe (British Isles, Baltic region and southern Scandinavia) the species occurs in flat areas between 0 and 400 m a.s.l. (Fig. 1 ; Hambler and Dixon 2003 , Richards 2003 , Theodoridis et al. 2013 ). The habitat of P. farinosa encompasses calcareous fens, edges of streams or lakes, and drier calcareous grasslands at high altitudes, and its seeds can disperse by rain or streams over great distances (Hambler and Dixon 2003) . Analyses of its ecological characteristics established that this species has a broader climatic niche than those of its closest alpine/ arctic relatives (Theodoridis et al. 2013) . Moreover, previous phylogeographic analyses suggested that P. farinosa includes four distinct genetic lineages that correspond to the four main regions of its distributional range (i.e. Alps, Carpathians, Iberia and northern Europe) and diverged from each other before the onset of the Holocene (Theodoridis et al. 2017a , see also deVos et al. 2014 . Therefore, P. farinosa represents an ideal case study to examine intraspecific responses to future climate change.
We integrate lineage-specific evidence from population genomics, a set of climatic variables, and species distribution modeling (SDM) under current and future climatic conditions to investigate whether lineages with greater genetic diversity and niche breadth are more likely to persist under warmer climate. To this end, we analyze high-throughput genomic data for P. farinosa to estimate genomic structure, allelic richness and expected heterozygosity within each of the four lineages identified in previous studies (Theodoridis et al. 2017a) . We also estimate and compare climatic niche breadths and niche similarity across lineages as a proxy for the ecological diversity of each lineage. Finally, we predict shifts of suitable climatic habitats for each lineage under 32 climate model-scenario combinations for two future time periods (2041-2060 and 2061-2080) . By combining genome-wide data and a large set of recently published future climate projections to assess the diversity and predict the responses of intraspecific lineages under climate change, our study contributes new knowledge to the ever-growing literature on the topic.
Material and methods

Distribution data and study areas
To assess the ecological diversity and generate SDMs for each phylogeographic lineage identified by Theodoridis et al. (2017a, see also 'Genomic structure and diversity' section below), we first obtained occurrence records for each lineage from the sources described in Theodoridis et al. (2013 Theodoridis et al. ( , 2017a . Additional occurrences for the Carpathian lineage were obtained from published studies on calcareous fens (Hájek et al. 2011) . The occurrence records for each lineage were spatially filtered, and occurrences closer than 1 km (i.e. the spatial resolution of the available climatic variables; see below) to each other were removed.
Predictions of species distributions across space and time, and their interpretations, can be severely affected by the choice of the background extent used for predicting future distributions. The background extent should only include locations a species can disperse to during the considered timeframe (Soberon 2007 , Godsoe 2010 . We estimated the maximum dispersal distances for P. farinosa to be 100 km within the next 70 yr (i.e. the considered future time periods) based on the maximum estimated dispersal rates of wetland and water dispersed plants (~ 1000-500 m yr -1 ; Cain et al. 2000 , Soomers et al. 2013 . We then defined the background extent of each region as follows: we buffered each occurrence point with a 100-km radius (i.e. the estimated maximum dispersal distance) and generated a convex hull around all buffered occurrence points for each of the four regions. Hereafter, we refer to the four lineages and their corresponding background extents as central-western (CW) Alps, western (W) Carpathians, Scandinavia, and Pyrenees (Fig. 1) . The final number of occurrences for each lineage is provided in Supplementary material Appendix 1 Table A1. All the above spatial analyses were conducted using the Geospatial Data Abstraction Library ver. 1.11.3 (GDAL,  www.gdal.org/ ) and python (source code available at  https://github.com/ spyrostheodoridis/chorospy ).
Genomic structure and diversity
To estimate genomic diversity across the four lineages in P. farinosa, we followed the genotyping-by-sequencing approach described in Theodoridis et al. (2017a) . For each lineage, we sampled six to ten locations spread across the lineage's background extent, and we collected leaf tissue from one to three individuals per sampling location, resulting in a total of 90 individuals and 33 sampling locations across the four regions ( Fig. 1 , Supplementary material Appendix 1 Table A2 ). Sampling locations were located at least 15 km apart from each other. Our sampling design focused on number of sampling locations per lineage, rather than number of individuals per location, and allowed us to represent most of the ecogeographic and genetic variation of each lineage (Albert et al. 2010, Gotelli and Stanton-Geddes 2015) . Sampling took place during springs of 2011, 2012, and 2013. Raw DNA sequences were filtered following the recommendations of Minoche et al. (2011) . Initial analysis of the raw reads indicated the existence of a few invariable organellar sites with extremely high coverage. We excluded these DNA sequences from our filtered data by mapping the filtered reads to the chloroplast genome of Primula veris and the mitochondrial genome of Vaccinium macrocarpon (Ericaceae), for no complete mitochondrial genome sequences were available from Primula at the time of analysis. Detailed pipelines and analytical procedures are described in Theodoridis et al. (2017a) and summarized below.
Our final, filtered dataset consisted of nuclear reads that were 90 bp long. To identify putative homologous loci across all individuals, we employed the STACKS pipeline ver.1.4 (Catchen et al. 2013 ) and applied the following parameter values: a minimum depth (coverage) of five identical reads per stack was required, and stacks with coverage of more than two standard deviations above the mean were removed (Catchen et al. 2013 ); we allowed a maximum distance (M) between stacks of three nucleotides and a maximum number of two stacks at a single de novo locus in each individual; a maximum of six mismatches was allowed between putatively homologous loci (n) across all individuals.
We assessed the genetic structure and admixture patterns in P. farinosa using the variational Bayesian framework implemented in the software fastSTRUCTURE (Raj et al. 2014) . For the fastSTRUCTURE analyses we used the Variant Call Format (VCF) file exported by STACKS and further filtered it to exclude SNPs 1) with a minimum frequency  0.05 across all individuals and 2) absent in more than 30% of the sampled individuals. Since fastSTRUC-TURE assumes that the investigated loci are unlinked, we chose one random SNP per locus and repeated this analysis 20 times to account for the stochasticity stemming from the random choice of SNPs. We conducted our analyses assuming numbers of groups, K, ranging from 1 to 10. We further ran the chooseK.py program within the fastSTRUCTURE package to determine the most likely number of K. For the K values that best explained our data, the results of the 20 randomly selected SNP repetitions were combined using the 'greedy' algorithm within CLUMPP ver. 1.1.2 (Jakobsson and Rosenberg 2007) .
To assess genomic diversity for each of the four lineages, we followed a haplotype-based approach by using the full sequence of each locus as recovered in the STACKS analysis, including two distinct sequences at heterozygous loci (François et al. 2008; see Theodoridis et al. 2017a for a detailed description). For each of the four lineages and each locus, we calculated the expected heterozygosity (Nei 1973) and the expected allelic richness (rarefaction approach; Kalinowski 2004 ) for loci present in all four lineages and in at least 14 individuals in each lineage. Both summary statistics were calculated using python scripts (Theodoridis et al. 2017a) . We further tested for significant differences in expected heterozygosity and allelic richness across all lineages using one-way Welch's analysis of variance (Welch 1951) implemented in R ver. 3.2.2 (R Core Team). To further test for significant pairwise differences between lineages, we used the non-parametric Steel-Dwass all pairs test (Hollander and Wolfe 1999) implemented in the NSM3 package (Schneider et al. 2016) in R.
Selection of climatic variables, niche breadth and niche similarity
To estimate the climatic niche breadth and similarity across lineages and further predict current and future climatically suitable habitats, we extracted contemporary climatic variables for the background extent considered for each lineage (Fig. 1 ). For this, we selected the 19 bioclimatic layers of the WorldClim data set at 30-arc-second (ca ~1-km on the equator) spatial resolution (Hijmans et al. 2005) . The importance of each climatic variable was evaluated by calibrating pilot SDMs (see next section for details on SDM runs) for each lineage. We randomly permuted each predictor variable and computed the associated reduction in predictive performance of each SDM modeling algorithm (Thuiller et al. 2013 ). The permutation process was repeated ten times for each algorithm. After evaluating the importance of each variable, we examined the 19 variables for pairwise correlations based on all locations (i.e. cells) within each lineage's background extent. We finally retained the climatic variables that met the following criteria: 1) have been identified to play a significant role in the adaptation and distribution of cold-adapted plants and particularly of Primula species (Körner 2003 , Lütz 2012 , Theodoridis et al. 2013 , 2) showed a high relative contribution to the pilot runs of SDMs, 3) were not highly correlated (r  0.8) for all four study-areas. The final set consisted of the following five variables: 1) isothermality (BIO3), 2) minimum temperature of the coldest month (BIO6), 3) precipitation seasonality (BIO15), 4) precipitation of the warmest quarter (BIO18), and 5) precipitation of the coldest quarter (BIO19).
To assess the ecological diversity of each lineage in P. farinosa, we quantified the climatic niche breadth in the multidimensional climate space by first extracting the values of the five selected variables for all occurrence points within the respective background extents, then performing principal components analysis (PCA) implemented in the package Matplotlib (Hunter 2007 ) in python. We tested for significant pairwise differences in variances (i.e. niche breadth) along the first two PCA axes using Levene's test (Levene 1960) implemented in python.
To further assess ecological variation in P. farinosa we quantified climatic niche differences across all four lineages using the approach described in Broennimann et al. (2012) in two-dimensional environmental space (PCA; see also Theodoridis et al. 2013 ). We first calculated niche similarity between lineages using Schoener's D similarity index (Schoener 1970) , a metric that ranges from 0 (completely discordant niches) to 1 (identical niches). We then tested whether the climatic niches of the four lineages tend to be more similar to each other than would be expected by chance (indicative of niche conservatism) using background (or niche) similarity tests (Warren et al. 2008 , Broennimann et al. 2012 . These tests randomly shift the density of occurrences in one range and calculate similarity (Schoener's D) using the observed niche from the other range. The process was repeated 1000 times for both ranges under comparison, and the observed D value was compared to the distribution of the randomized D values in a one-sided t-test (Broennimann et al. 2012) . Since these tests are sensitive to the choice of suitable background extent for each range (Warren et al. 2008 , McCormack et al. 2010 , we repeated them using three different buffer zones around the occurrence points of each lineage, i.e. 20, 50, and 100 km. All analyses were conducted using the 'ecospat' package in R (Di Cola et al. 2017 ).
Calibration of species distribution models
To approximate the resilience of each lineage in P. farinosa to climate change, we modeled and compared the current and future distribution of suitable habitats, expressed as the number of climatically suitable cells, for each lineage based on the climatic variables described above. We performed an ensemble of the following distinct and commonly used SDM techniques using the biomod2 ver. 3.3-7 package (Thuiller et al. 2013) in R: generalized linear model (GLM), generalized boosting model (GBM), classification tree analysis (CTA), flexible discriminant analysis (FDA), multiple adaptive regression splines (MARS), random forest (RF), and maximum entropy (MAXENT). Pseudoabsences were selected from the defined background extents following the recommendations of Barbet-Massin et al. (2012) , and the calibration was replicated 10 times for each modeling technique, resulting in a total of 70 models. Details regarding model calibration are provided in Supplementary material Appendix 1 Table A3 . For each model we randomly chose 30% of the occurrences as testing data, and we evaluated model performance using two different performance indicators, i.e. the commonly used full area under the receiver operating characteristic curve (AUC) and the partial receiver operating characteristic (pROC) curve approach. This approach overcomes some of the shortcomings of traditional AUC, such as the emphasis on absence data and on high false-positive and high false-negative rates, and has been shown to provide more reliable model evaluations (Lobo et al. 2008 , Peterson et al. 2008 . We specified 1000 iterations with the omission threshold set at ten percent (Peterson et al. 2008) , and we applied t-tests to examine the statistical significance of pROC values (expressed here as the ratio between the observed partial AUC and the partial AUC produced by randomly sampling occurrences in each iteration; see  https://github.com/vijaybarve/ENMGadgets/ blob/master/R/iPartialROC.R  for details). For the final ensemble of projections, we only considered models with significant pROC values (p-value  0.001) and AUC  0.7 (Gogol-Projurat 2011). Predicted habitat suitability for the retained models was converted into binary data using the threshold that maximizes the true skills statistics (TSS) value (Liu et al. 2005) . , RCP 8.5 W m -2 ). In total, we considered 32 climate model-scenario combinations for each future period. The obtained future climate layers were clipped using the same background extent used for calibrating the models for each lineage.
Future climate and projections
We projected the retained calibrated models to current and future climate. For each of the 65 climate modelscenario combinations (i.e. one for current and 32 for each of the two future periods), the ensemble projections resulted in habitat suitability matrices with each value representing the ratio of the number of models predicting the respective cell as climatically suitable to the total number of models. Habitat suitability matrices were then transformed to binary matrices using the average threshold that maximized the TSS value across all retained models, and calculated the number of climatically suitable cells for each contemporary and future prediction.
Finally, in order to spatially visualize the overall predicted shifts in climatically suitable habitats for each lineage, we created an ensemble of the binary matrices (resulting from the previous step) for each future time period and lineage. The ensemble projections resulted in raster maps with each cell value representing the number of climate model-scenario combinations under which the respective cell was predicted as suitable. Cells with a value greater than or equal to eight (i.e. 25% of the considered climate model-scenario combinations for each future period) were visualized as climatically suitable for P. farinosa.
Data deposition
Data available from the Dryad Digital Repository:  http:// dx.doi.org/10.5061/dryad.tq221  (Theodoridis et al. 2017b) .
Results
Genomic structure and diversity
After excluding SNPs with minimum frequency  0.05 across all individuals and absent in more than 30% of the individuals, we retained 6412 SNPs distributed in 2948 loci for the fastSTRUCTURE analyses. For eight out of the 20 SNP repetitions, the chooseK.py program assigned all individuals to four groups (K = 4), corresponding to the four previously identified lineages (Fig. 2a) , while 11 fastSTRUCTURE repetitions supported five groups (Fig. 2a) , and one repetition supported six groups.
Regarding genomic diversity, we retained 1374 loci present in all four lineages and in at least 14 individuals in each lineage. Our analyses revealed significantly higher expected heterozygosity (p-value  0.05; Fig. 2b ) for lineages in Scandinavia (median: 0.3) and CW Alps (median: 0.24) compared to lineages in the W Carpathians (median: 0.13) and Pyrenees (median: 0.14). Moreover, the lineage in the CW Alps possessed a significantly higher number of alleles per locus (i.e. allelic richness; Fig. 2c ; median: 2.5) compared to lineages in Scandinavia (median: 2.0), W Carpathians (median: 2.0), and the Pyrenees (median: 2.0).
Niche breadth and similarity
The variance of the distribution of values along the first PCA axis was significantly wider (p-value  0.05) within the lineage of the CW Alps compared to the other three lineages (Fig. 3) . This result indicates a wider climatic niche breadth for the CW Alps mainly driven by isothermality (BIO3) and precipitation seasonality (BIO15; Fig. 3 ). Along the second PCA axis, statistically significant differences were found between the CW Alps and W Carpathians, between the CW Alps and the Pyrenees, between Scandinavia and W Carpathians, and between Scandinavia and the Pyrenees, indicating a wider climatic habitat occupancy of populations within CW Alps and Scandinavia mainly in terms of minimum temperature of the coldest month (BIO6), precipitation of the coldest quarter (BIO19), and precipitation of the warmest quarter (BIO18; Fig. 3 ).
Niche similarity (Schoener's D) was very low across all lineage pairwise comparisons and background extents, ranging from 0 to 0.043 (Table 1) , reflecting the climatic differences between the environmental niche space of the four lineages. Moreover, background similarity tests did not support significant similarities between the available habitats of the four lineages, rejecting the hypothesis of niche conservatism in P. farinosa (Table 1) .
SDM performance
The number of calibrated models retained (significant pROC values at p-value  0.001, AUC  0.7) for current and future projections is given in Table 2 . For the CW Alps, Scandinavia, and the Pyrenees, all 70 models showed a good performance, while for W Carpathians the number of retained models was 67. The average pROC values varied among lineages. Models showed an average pROC of 1.80 for the Pyrenees, 1.71 for Scandinavia, 1.65 for W Carpathians, and 1.62 for CW Alps. In terms of AUC, models showed an average value of 0.92 for Pyrenees, 0.91 for Scandinavia, and 0.86 for both CW Alps and W Carpathians.
Predicted current and future distribution of climatically suitable habitats
Predictions of current and future distributions of climatically suitable cells for the four lineages of P. farinosa varied considerably. Overall, climate model-scenario combinations for 2050 and 2070 predict 19 and 25% loss in suitable habitat, respectively, for CW Alps (Fig. 4) . Results for Scandinavia were more variable. The model-scenario combinations predict a loss of 4% and a gain of 37% (median values) in suitable habitats for 2050 and 2070, respectively. On the contrary, the majority of future climate model-scenario combinations resulted in 100% loss of suitable habitats for W Carpathians. For Pyrenees, the majority of the future climate modelscenario combinations resulted in a loss of more than 50% of climatically suitable cells for both future periods (median values: 51 and 60% loss for 2050 and 2070 respectively).
Discussion
Assessing the impact of a changing climate on species distributions and survival represents a fundamental goal in biodiversity research and conservation. Climate change has frequently been predicted to result in partial or complete extirpation of cold-adapted floras (Thuiller et al. 2005 , Crawford 2008a , Engler et al. 2011 , Dullinger et al. 2012 ). However, cold-adapted taxa that harbor greater genetic and ecological diversity are expected to better withstand climate change (Crawford 2008b) . Here, we explore qualitative links between genetic and ecological diversity (i.e. niche breadth) and potential resilience following a lineage-specific approach and using large genomic and climatic data sets in the coldadapted plant P. farinosa. Consistent with the former prediction above, our study provides evidence for a significant decrease of more than 50% of their current distributional range for two out of the four lineages of P. farinosa, but supports less severe reductions for the lineages that contain the most genetic and ecological diversity, contributing Figure 3 . The climate niche breadth of the four lineages of P. farinosa in multivariate climate space. The distribution of the values along each PCA axis is given as histograms at the top (PC1) and at the right (PC2) of the plot. The significant differences (p-value  0.05) in variances (i.e. niche breadth; σ 2 ) of all pairwise comparisons between the CW Alps and the rest of the lineages are reported above (PC1) and at the left (PC2) of the histograms. Significance was tested using Levene's test; variance explained by each PC is reported in parentheses. BIO3: isothermality; BIO6: minimum temperature of the coldest month; BIO15: precipitation seasonality; BIO18: precipitation of the warmest quarter; BIO19: precipitation of the coldest quarter. new knowledge on the responses of cold-adapted plants to climate change.
Cold-adapted floras are expected to experience a significant shift of climatically suitable habitats in response to future climate change, a shift that could lead to severe range contractions or even extinctions (Engler et al. 2011 , Dullinger et al. 2012 ). However, sufficient genetic diversity may buffer against rapid environmental changes (Bradshaw and Holzapfel 2006 , Lavergne et al. 2010 , Hoffmann and Sgrò 2011 . Thus, genetically diverse, cold-adapted taxa may be able to maintain or even expand their distributions under warmer future conditions (Crawford 2008b ). Our results show that the lineages of the CW Alps and Scandinavia harbor significantly higher genomic diversity than the other two lineages of P. farinosa (Fig. 2) . Additionally, the above lineages are predicted to experience a relative stability of their climatically suitable habitats (estimated as the change in number of climatically suitable cells) under the majority of climate model-scenario combinations for the two future time periods analyzed here, up to the year 2080 (Fig.  4 and 5) . On the contrary, Pyrenees and W Carpathian lineages, characterized by significantly lower genomic diversity (Fig. 2) , are predicted to experience a dramatic reduction in their climatically suitable habitats (Fig. 4 and 5) . These findings suggest a potential relationship between higher genomic diversity and predicted persistence in response to climate change.
Although we could not experimentally test whether the observed genetic diversity is neutral or adaptive, our results support a potential relationship between standing genetic variation and resilience to climate change, as proposed in some previous studies (see Jump et al. 2009 for a review). However, other studies have highlighted a weak relationship between neutral and adaptive genetic diversity, suggesting that neutral genetic data cannot serve as an indicator of adaptive potential to changing environments (Holderegger et al. 2006 , Kohn et al. 2006 , Moran and Alexander 2014 . While overall genetic diversity may not directly predict adaptive potential when analyzing a relatively small number of markers, which was often the case in several previous studies on conservation genetics, this link becomes stronger when the number of analyzed loci increases, as in genome-wide studies like the one described here (Coop et al. 2009 , Allendorf et al. 2010 , particularly for highly polygenic traits (Yang et al. 2013 , Harrisson et al. 2014 . Even though the relationship between neutral and adaptive genetic diversity remains a matter of debate, our study suggests that assessing overall genomic diversity may be useful to gauge lineage survival under climate change (Kramer and Havens 2009, Ellegren and Galtier 2016) .
It has often been proposed that taxa that harbor greater genetic diversity should also have wider ecological niche breadth (Nevo 2001 , Hughes et al. 2008 . Therefore, in conjunction with genetic diversity, the climatic niche breadth of a lineage may also indicate its vulnerability to climate change (Williams et al. 2008 , Pacifici et al. 2015 . Taxa with wider climatic niche breadth are expected to be less vulnerable to climate change compared to those with much narrower breadth, hence tolerance (Peñuelas et al. 2013 , Ikeda et al. 2017 . In particular, cold-adapted plants that demonstrate an ability to persist in a wide range of climatic conditions will likely persist and might even expand under rising temperatures (Thuiller et al. 2005 , Gottfried et al. 2012 , Theodoridis et al. 2017a . Our results support the above predictions at the intraspecific level in P. farinosa. Specifically, the lineages in the CW Alps and Scandinavia are characterized by a significantly higher level of genomic diversity and broader niche than the other two lineages (Fig. 3) and are predicted to experience a high degree of stability of climatically suitable cells in the next few decades. On the contrary, the lineages in the W Carpathians and Pyrenees are threatened with a severe reduction of their climatically suitable habitats (Fig. 4 and 5 ). Despite the fact Table 2 . Number of models that were retained for current and future projections (i.e. models with significant pROC values and AUC  0.7) and average, minimum and maximum pROC and AUC values of the retained models for each lineage. that comparative empirical studies at the intraspecific level are lacking for cold-adapted species, equivalent studies across a range of plant groups suggest that taxa occupying a broader niche will be less affected by future climate change than taxa restricted to narrower niches (Thuiller et al. 2005 , Broennimann et al. 2006 , Gottfried et al. 2012 , Duputié et al. 2015 , Carrillo-Angeles et al. 2016 . Species often comprise distinct genetic lineages across their geographical ranges. These lineages may be adapted to local climatic conditions, thus their potential for adaptation to future climatic conditions may vary greatly among them (Hereford 2009 , Benito-Garzón et al. 2011 , Shaw and Etterson 2012 . In this study, we account for intraspecific variation by individually modeling the distribution of climatically suitable habitats of each lineage in P. farinosa. Our niche similarity tests indicate that the niches of the four lineages are not more similar than expected by chance (Table 1) , thus not supporting the hypothesis of niche conservatism in P. farinosa. These results, coupled with the results suggesting differential responses of the four lineages to future climate change (Fig. 4, 5) , imply that each lineage may be adapted to different climatic conditions. Previous studies, using similar approaches (i.e. region-or lineage-specific modeling), also demonstrated differential responses at the intraspecific level (Pearman et al. 2010 , D'Amen et al. 2013 , Ikeda et al. 2017 . However, studies that take into account intraspecific variation in species distribution modeling remain scarce and more are needed to better understand the importance of such variation in species responses to climate change.
Climate change models are known to be affected by large biases at high northern latitudes, mainly due to differences in assumptions regarding historical ice and snow cover, and these biases are reflected in considerable differences of projected temperature and precipitation (Räisänen 2007 , Knutti et al. 2010 , Sanderson et al. 2011 . Accordingly, our results show that changes in predicted suitable cells vary greatly for Scandinavia (changes between 18 and 308% for 2050 and between 5 and 315% for 2070; Fig. 4 ) compared to the three lineages of southern Europe. These results further highlight the importance of using multiple climate modelscenario combinations when assessing the future of biodiversity, particularly for species that grow at high latitudes.
Species distribution models have been widely used to predict the potential distributions of species in response to climate change (Gotelli and Stanton-Geddes 2015) . However, at local scales, climate may not be the only factor that shapes species distributions, with processes such as edaphic adaptation, predation, competition, mutualism, and facilitation also playing a crucial role. Ideally, a greater number of abiotic and biotic interactions and their dynamics should be taken into account when predicting future distributions of species at finer spatial scales (Normand et al. 2009 , Wisz et al. 2013 . Nonetheless, quantifying and estimating such interactions through time remains challenging, if not impossible (Pearman et al. 2008) . Here, we used climatic variables to explore qualitative links between intraspecific diversity and potential resilience to climate change for different lineages in P. farinosa. Although our predictions provide an estimate of the future distribution of these lineages, their actual range will likely be influenced by interactions with more thermophilous species that are expected to migrate into the newly available mountain habitats (Crawford 2008b , Gottfried et al. 2012 , Corlett and Westcott 2013 .
In this study, we identify lineage-specific responses in a cold-adapted plant and highlight the potential roles of genomic and ecological diversity in shaping the future of cold-adapted floras. By improving our understanding of the relationship between different levels of intraspecific biological diversity and species persistence, our study generates useful knowledge for biodiversity research and conservation strategies in response to climate change.
